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Abstract 
Rapid in-situ analytical techniques are attractive for characterizing Special Nuclear Material (SNM). Present techniques are time 
consuming, and require sample dissolution. Proof-of-principal studies are performed to demonstrate the utility of employing low 
energy neutrons from a portable pulsed neutron generator for non-destructive isotopic analysis of nuclear material. In particular, 
time-sequenced data acquisition, operating synchronously with the pulsing of a neutron generator, partitions the characteristic 
elemental prompt gamma-rays according to the type of the reaction; inelastic neutron scattering reactions during the ON state and 
thermal neutron capture reactions during the OFF state of the generator. The key challenge is isolating these signature gamma-
rays from the prompt fission and β-delayed gamma-rays that are also produced during the neutron interrogation. A commercial 
digital multi-channel analyzer has been specially customized to enable time-resolved gamma-ray spectral data to be acquired in 
multiple user-defined time bins within each of the ON/OFF gate periods of the neutron generator. Preliminary results on new 
signatures from depleted uranium as well as modeling and benchmarking of the concept are presented, but this approach should 
should be applicable for virtually all forms of SNM 
 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Organizing Committee of CAARI 2014. 
Keywords: Special Nuclear Material; non-destructive analysis; pulsed (D-D) neutron generator; multiple time resolved gamma-ray spectra 
1. Introduction 
The prompt gamma-ray neutron activation analysis (PGNAA) technique has found wide applications as a rapid 
on-line multi-elemental analysis tool, from well-logging to explosives, Chao (1995), Vourvopoulos and Womble 
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(2001). The possibility of utilizing the prompt-gamma ray signatures following the inelastic scattering of neutrons 
with fissile materials has not been previously explored. An initial literature survey shows two preliminary reports on 
the non-destructive interrogation of uranium and thorium using PGNAA following thermal neutron capture, Molnar 
et al.(2004), Nathaniel et al., (2009). All other reports on active interrogation deal with neutron- or photon-induced 
fission signatures of special nuclear material (SNM), Runkle et al., (2012). The latter approach merely detects or 
confirms the presence of fissionable material in an inspection volume. This work implements time-sequenced 
PGNAA that builds on the basic PGNAA technique by exploiting the temporal characteristics of fast-neutron 
interrogation. In its most common form, a neutron generator (NG) produces pulses of neutrons (few micro-seconds 
long) at a frequency of several kHz. Inelastic neutron scattering (INS) reactions of fast neutrons occur concurrently 
with the neutron pulse, and are separated in time from thermal-neutron capture (TNC) reactions that are delayed by 
the slowing down time of neutrons in the matrix of the interrogated sample. Time-sequenced data acquisition, 
operating synchronously with the pulsing of the neutron generator, partitions the characteristic elemental prompt 
gamma-rays according to the type of reaction, i.e., INS reactions during the ON state and TNC reactions during the 
OFF state. The basic approach of the active interrogation technique is shown in Fig.1. The expected INS and TNC 
spectral lines are known, Ahmed et al., (1978), Browne et al. (1978). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic of the active interrogation approach. 
 
The present sensor utilizes lower energy 2.45 MeV neutrons from a pulsed D-D neutron generator to provide a 
more effective active interrogation source for time-sequenced PGNAA in terms of improving signal-to-noise (S/N). 
Some advantages for using pulsed D-D neutrons include (1) only a few of the nuclear excited states can be attained 
for most materials and hence the structure of the resulting gamma-ray energy spectrum is simplified, (2) scattering 
cross sections at 2.45 MeV are higher than at 14 MeV D-T neutron energy, (3) lower energy neutrons are more 
effectively thermalized in the subsurface resulting in more TNC reactions and (4) the low velocity of 2.45 MeV 
neutrons (2.2 cm/ns) produces less background signals from surrounding material if neutron time-of flight 
information is utilized.  In practical situations, it is challenging to isolate the INS and TNC gamma-rays from 
prompt fission and β-delayed gamma-rays that are expected to be produced during the neutron interrogation. To 
resolve the temporal signatures, the INS, TNC and delayed signals are acquired concurrently using a technique we 
developed earlier, Tan et al., (2008), based on a customized digital multi-channel analyser (MCA). Time-resolved 
gamma-ray spectra are collected into multiple bins of user-defined time intervals within each of the ON and OFF 
periods of the neutron generator. It is expected that the neutron interrogation scheme would provide in-situ multi-
element analysis of nuclear material and, in addition, also has the potential to provide data synergistic to the 
currently employed fissile material detection technique viz., neutron induced fission signatures, Marrs et al., (2008).  
In this paper, preliminary results are presented for active neutron interrogation of depleted uranium (DU) samples 
along with Monte Carlo computer simulations of the multi-gate system. 
 
228   S.S. Mitra et al. /  Physics Procedia  66 ( 2015 )  226 – 231 
2. Multi-Gate System and Modeling 
A commercial D-D neutron generator (Thermo Fisher MP-320) was configured to pulse at 10 kHz and 25% duty 
cycle for the multi-gate system proof-of-principal experiments. Gamma rays were detected using an ORTEC HPGe 
detector (ORTEC GAMMAX GMX35P4-70, 35% efficiency) whose output was connected to an XIA (PIXIE-16) 
digital gamma-ray spectrometer, www.xia.com. The firmware was customized to obtain multiple time-resolved 
spectra by tagging each incoming pulse with its arrival time (relative to the neutron generator’s gate signal) and 
subsequently sorting its amplitude into the appropriate member of a set of on-board energy spectra based on the 
value of the time tag. As many as sixteen spectra are possible, associated with up to eight time intervals during the 
neutron generator’s ON state and up to eight more intervals during the OFF state, Tan et al., (2008). The schematic 
of the system is shown in Fig. 2. 
 
Fig. 2. Schematic of the multi-gate data acquisition system 
 
Monte Carlo simulations were performed of the interrogation experiments (Fig. 3a) using MCNP6, Goorley et al. 
(2012), based on the computational model geometry shown in Fig. 3b.  The detector was shielded by 6 cm thick lead 
which surrounded the detector on all sides except for the side facing the sample.  The outside shielding was 2.54 cm 
thick borated polyethylene that enclosed all sides of the detector.  Borated polyethylene was also placed around the 
neutron generator to further reduce the neutron interactions with the detector.  
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(a)        (b) 
Fig. 3. (a) Experimental set-up and (b) computational model of experimental geometry. 
 
3. Results and Discussion 
3.1. Neutron induced gamma-ray count rate profile 
Fig. 4 shows the input gamma-ray count rate (ICR) and output count rate (OCR) recorded for each of the time 
intervals during a one hour data acquisition run with a 10.2 cm cube of iron as test sample. The results indicate that 
fast neutrons are produced only after about 10 μs from the beginning of the ON gate when the pulsed neutron 
generator was turned on and are present ~5 μs into the OFF gate after the neutron pulse. Evidence of the fast neutron 
thermalization during the OFF gate is observed in the decrease of ICR and OCR at ~15 μs after the neutron pulse, 
with near equilibrium being reached to the end of the OFF gate. This is consistent with the TNC prompt gamma-ray 
count rates of boron and hydrogen (constituents of the borated polyethylene shielding material) which also attained 
an equilibrium value in each of the 10 μs sub-interval set within the neutron generator OFF gate. The equilibrium 
condition for the thermal neutron flux within the OFF gate has implications for the on-line measurement of very 
short lived fission products. These signals are easily measured as opposed to the conventional technique where the 
sample needs to be cycled between an irradiation location and a counting station, Chivers et al, (2011). In addition, 
the ICR and OCR versus neutron pulse timing curve can also be used to determine the optimal setting of the ON and 
OFF gates so that the INS and TNC prompt gamma-ray spectra would be free from mutual interferences. 
 
Fig. 4. The input and output gamma-ray count rates recorded by the multi-gate system for each of the set time intervals. 
The MCNP6 simulation results for the uncollided source neutron and thermal neutron profiles are shown in Fig. 
5 for a neutron generator with 10 kHz repetition rate and 25% duty cycle. It was found that the experimentally 
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observed equilibrium condition did not appear in the MCNP6 simulations of the multi-gate system.  The computed 
distributions show that the thermal neutrons die-away within each cycle while the simulated prompt gamma-ray 
intensities follow the neutron die away. The cause of this discrepancy is not understood at this time since the 
simulations took in to account the detailed geometry of the experimental set-up including the nearby concrete walls 
and floor of the room. 
 
Fig. 5.  MCNP6 simulation of the temporal profile of D-D neutrons pulsed at the same experimental repetition rate of 10 kHz and 25 % duty 
cycle. 
 
3.2 Active interrogation of depleted uranium samples 
A large plexi-glass box containing small samples of depleted uranium was interrogated using the pulsed D-D 
neutron generator.  The most prominent measured prompt gamma-rays, produced by INS reactions, are summarized 
in Table 1 along with the signal-to-noise ratio for each line. The noise is calculated assuming that the gamma-ray 
count rate followed Poisson statistics. These results are obtained for a gate width of 4 μs set during a pulse.  The 
corresponding gate run time was 145 seconds for a total run time of one hour.  The thermal neutron absorption cross 
section for 238U is negligible and, accordingly, only the lines from natural decay were observed between the neutron 
pulses.  
 
Table 1. The characteristic prompt gamma-rays from depleted uranium due to INS reactions. The total gate run time (4μs wide) during the pulse 
was 145 s. 
 
Energy (keV) Signal-to-Noise 
680 1.4 
885 3.2 
1015 1.9 
 
Current techniques rely on measuring relative intensities of the β-delayed gamma-ray line pairs of fission 
products to quantify the material following interrogation with neutrons or photons. Chivers et al. (2011) highlight 
the problems of attenuation of the emitted gamma-rays of fission products and changes in detection efficiency that 
lead to systematic bias. They suggest a novel methodology that does not rely on the intensity ratios but instead on 
the characteristic temporal response of the β-delayed gamma-rays of fission products. However, they caution that 
Compton scatter could reduce the sensitivity of their technique. Detection of characteristic INS gamma-rays, on the 
other hand, would be a more direct approach to the identification of fissile material even when it is present in 
heterogeneous samples or as mixtures. 
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4. Summary 
Experiments and modeling were performed to demonstrate the feasibility of a rapid response sensor for detecting 
fissile material.  Proof-of-principal experiments with depleted uranium samples produced characteristic prompt 
gamma-rays from inelastic neutron scattering reactions.  A discrepancy between the modeling and experimental 
results from the multi-gate system was discovered and will require further investigation. Work is underway to 
optimize the performance of the sensor by improving the geometry and shielding. Depleted uranium and other 
actinides will be interrogated in both bare and shielded scenarios to determine the sensitivity of the technique.  
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